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Abstract 
The Feldberger Haussee, ahighly eutrophic stratified hard-water lake located in the eastern 
part of Germany's Baltic lake district, was selected for a restoration programme combining 
external nutrient loading reduction and long-term biomanipulation. In 1980 the external 
phosphorus loading (1.8 g TP m -2 a -1) decreased by 90%, but water quality did not improve 
significantly within the following 6 years. In 1985 biomanipulation was initiated, with man- 
ual removal of cyprinid fish coupled with piscivore introductions as the principal measures. 
The expected changes in the pelagic ommunity and improvements of water quality occurred 
after a delay of several years. Despite intensive manual removal of cyprinids and stocking of 
piscivores, standing stocks of cyprinid fish remained relatively high (130-260 kg ww ha -1) 
after some years of decline. Compared to the pre-biomanipulation period, mean seasonal 
(May-September) Daphnia spp. biomass roughly doubled (0.037 g C m -3 vs. 0.084 g C m-3). 
However, the predominance of small (< 1 ram) D. cucullata throughout the whole investiga- 
tion period indicated that planktivory was still substantial. Paired observations between edi- 
ble phytoplankton biomass and Daphnia spp. indicated that a significant decline in algal 
stocks would only occur if herbivorous biomass was above a certain threshold (0.2 g C m 3). 
Reduced external and internal loading in concert with pelagic alcite precipitation were most 
likely responsible for the decline in lake phosphorus concentrations, thereby substantially 
improving the water quality of Feldberger Haussee. Although this is not supported by quanti- 
tative evidence, we hypothesize that resource-related water quality improvements were 
caused by changes in the structure of the pelagic ommunity leading to increased calcite pre- 
cipitation. In agreement with the results of other investigations, we conclude that because 
stabilising mechanisms such as macrophyte growth were lacking in Feldberger Haussee, 
biomanipulation i  stratified lakes may not be as successful as has been observed in shallow 
lakes. However, in hard-water lakes, calcite precipitation may act as another stabilising re- 
source-related mechanism. Phosphorus associated with sedimenting calcite particles is in- 
sensitive to redox-conditions and may therefore not be re-mobilised from lake sediments 
even if hypolimnetic oxygen is depleted. 
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Introduction 
The basic goal of biomanipulation as a tool in water 
quality management is greater water clarity due to in- 
creased grazing losses of phytoplankton (SHAPIRO et al. 
1975). This is usually achieved by promotion of Daph- 
nia biomass and an increase in their body size (HR~A~EK 
et al. 1961; BROOKS & DODSON 1965). In practical terms, 
lakes that have been biomanipulated can be categorised 
into two different groups: (1) shallow polymictic lakes, 
and (2) deep thermally stratified lakes (REYNOLDS 
1994). Each lake group has its own characteristic re- 
sponses to biomanipulation. 
In shallow lakes, proper application of biomanipula- 
tion has frequently led to greater water clarity and an im- 
provement of other variables of lake ecology (e.g., 
BENNDORF 1990; MEIJER et al. 1994; JEPPESEN et al. 
1997; HANSSON et al. 1998; MCQUEEN 1998). If the 
standing stocks of planktivorous and benthivorous fish 
have been sufficiently reduced (CRIVELLI 1983), the 
major triggering effect is the competitive xclusion of 
phytoplankton by macrophytes mediated through high 
Daphnia grazing (VAN DONK et al. 1989). Allelopathic 
substances excreted by macrophytes, protection of 
Daphnia against fish predation in macrophyte r fuges 
and increased phytoplankton sedimentation within the 
macrophyte stands may additionally stabilise the in- 
creased water clarity (WIUM-ANDERSEN et al. 1982; 
TIMMS & MOSS 1984; CARPENTER & LODGE 1986). 
SCHEFFER (1989) therefore proposed amodel predicting 
two alternative stable states in shallow lakes, charac- 
terised either by high plankton turbidity or clear water 
accompanied by high macrophyte biomass. 
In stratified lakes, however, the situation is clearly 
different. The highest obtainable macrophyte biomass is 
too low to bind substantial mounts of the available nu- 
trients (CANFIELD et al. 1983). Therefore, a bi-stable 
equilibrium as outlined above is not likely to occur in 
deeper lakes. Nevertheless, even in those lakes, bioma- 
nipulation can help to improve water quality by increas- 
ing the frequency of clear-water periods and their dura- 
tion (LATHROP et al. 1996). However, BENNDORF et al. 
(1988) found that the probability of severe blue-green 
algal blooms to occur as a consequence of biomanipula- 
tion might even increase in lakes with high nutrient con- 
centrations. Thus, BENNDORF (1990) suggested that an 
upper level of external total phosphorus (TP) loading of 
0.6 g TP m -2 yl ~1 must not be exceeded in order to guar- 
antee successful biomanipulation i  the long-term run. 
Others have recommended maximum mean summer TP 
concentrations of <0.2 g P m 3 for shallow lakes (JEPPE- 
SEN et al. 1990; JOEROENSEN & De BERNARDI 1998). 
Under those low-nutrient circumstances and because of 
the Daphnia-dominated zooplankton assemblage, in- 
creased sedimentation would tend to decrease in-lake P 
concentrations and eventually limit primary production 
and thereby improve the water quality also in stratified 
lakes (BENNDORF 1995). 
In this paper we focus on the long-term dynamics of 
chemical characteristics and changes in the plankton 
community of the Feldberger Haussee, ahighly eutroph- 
ic hard-water lake that has undergone a combination of 
reduced external nutrient loading and long-term bioma- 
nipulation. The lake is thermally stratified from May to 
September, but is relatively shallow (mean depth 6.5 m). 
The extremely high external nutrient loading had been 
reduced in 1980 by 90%, which made the lake an ideal 
candidate for biomanipulation. Because of the combined 
control measures, we will concentrate on the question of 
whether the observed changes in the water quality of the 
Feldberger Haussee were caused primarily by con- 
sumer-related (biomanipulation) or by resource-depen- 
dent (decreased nutrient concentration) alterations in the 
pelagic food web, or by both top-down and bottom-up 
controls acting in concert. For results concerning plank- 
tivorous and piscivorous fish management, their 
biomass and consumption see LAUDE et al. (2000), 
MEHNER et al. (2001) and WYSUJACK & MEHNER (2002). 
Investigation site and methods 
Investigation site, historical background 
and rational of the study 
The Feldberger Haussee is a stratified hard-water lake 
located in the eastern part of Germany's Baltic lake dis- 
trict, approximately 100 km north of Berlin (Table 1, 
Table 1. Morphological and chemical characteristics of the Feldberger 
Haussee (KoSCHEL et al. 1985). In 1980, sewage was stopped and ex- 
ternal nutrient loading decreased by approximately 90%. TP - total 
phosphorus, TN - total nitrogen. 
Parameter 
Surface area 1.36 km a 
Maximum depth 12.0 m 
Mean depth 6.0 m 
Volume 8.15 106 m 3 
Drainage basin 4.0 km 2 
Altitude of water level 84.2 m (a.s.I.) 
Water renewal time 5 years 
Nutrient loading until 1980 
TP 1.6-2.1 g P m-2yr -~ 
TN 8.9-13.4 g N m -2 yr -~ 
TP spring maximum 
1978-1986 1.3 g P m 3 
2000 O. 13 g P m -3 
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Fig. 1). Like almost all of the waters of that area, the lake 
was formed uring the last ice age approximately 16,000 
years before present (MARCINEK 1978). Originally, Feld- 
berger Haussee was a seepage lake with neither in- nor 
outflows. During the 16 th century acanal was dug con- 
necting the Haussee to other neighbouring lakes. Never- 
theless, now being the headwater lake in a chain of 
lakes, groundwater and rainfall are still the major 
sources of water. 
Thanks to the work of PLOM~CKE (1914), THIENE- 
MANN (1925) and OHLE (1934), some information is 
available regarding the lake's pristine status and early 
phase of eutrophication. In summer 1914 the phyto- 
plankton community was dominated by diatoms and 
chrysophyceans. In August 1924, the oxygen concentra- 
tion at 12 m depth was still 0.8 mg L -1 and Secchi trans- 
parency was 5.0 m, facts that indicate low nutrient con- 
ditions. However, in August 1932 remarkable changes 
were found. Secchi readings had declined to only 1.3 m 
and hydrogen sulfide had accumulated in the deepest 
parts of the lake. After World War II, the water quality 
deteriorated dramatically (UHLMANN 1961; RICHTER 
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1971). The lake became highly eutrophic due to the 
input of poorly treated sewage from the neighbouring 
town of Feldberg (2,500 residents) for about twenty 
years. At the end of the 1970s, maximum spring TP was 
approximately 1.3 g P m -3, while external P-loading 
amounted to1.8 g P m -2 a -1 (KoSCHEL et al. 1985). 
As a consequence of the heavy pollution, the lake's 
recreational value to the public declined. This was espe- 
cially true for all water-related kinds of activities. Fur- 
thermore, Feldberger Haussee no longer functioned as a 
habitat for a diverse assemblage oforganisms indicated 
by vanishing macrophytes and the predominance of
roach [Rutilus rutilus L.] and bream [Abramis brama L.] 
within the fish community. According to the records of 
the local commercial fishery, piscivorous fish such as 
pike [Esox lucius L.], pike-perch [Sander lucioperca 
(L.)], and perch [Percafluviatilis L.] were almost ab- 
sent. Finally, because of the connecting canals, the lake 
acted as a nutrient source to neighbouring lakes, thereby 
threatening their oligotrophic status. As a consequence 
the local water authority developed and implemented a 
restoration programme. 
In 1980, sewage was diverted from the lake as a first 
step of restoration. As a result, the external nutrient load- 
ing declined by approximately 90%. However, because 
of internal nutrient recycling from the sediment, the lake 
remained in a highly eutrophic state (KOSCHEL et al. 
1981, 1985). Based on a model study (KASPRZAK et al. 
1988), reduction of external nutrient loading combined 
with biomanipulation was suggested tobe an effective 
measure to help accelerate the recovery of the highly 
polluted lake. In particular, modelling results indicated 
that a 75% reduction of the Daphnia mortality rate 
would lead to a 50% decrease inphytoplankton biomass 
during summer due to increased grazing. Thus bioma- 
nipulation measures were implemented in 1985. Howev- 
er, during the early years (1985-1990) piscivorous fish 
were not available to be stocked on a regular basis as 
originally intended. Only in 1988 and 1989, approxi- 
mately 80 individuals ha -1 pike-perch were introduced. 
Project managers therefore concentrated onmanual re- 
moval of planktivorous and benthivorous fi h by beach 
seining. From 1991 through 1998 in addition to manual 
removal of cyprinids, amajor stocking programme was 
conducted introducing a total of approximately 860 indi- 
viduals ha -1 of different species of piscivorous fish. 
Manipulations of the fish community 
The basic procedure of the fish manipulation was inten- 
sive manual removal of cyprinids, almost exclusively 
roach and bream. To manage the fish stocks, an 800 m 
seine fitted with a central bag was used. With the excep- 
tion of 1991, Feldberger Haussee was fished 14-25 times 
per year from 1985 to 2000 at different sites, covering be- 
tween 52 to 93% of the lake area. The net extended from 
the surface to the bottom of the lake and encompassed a 
lake surface area of 5.0 ha. The mesh size of the bag was 
16-24 ram. The wings had graduated mesh sizes, starting 
at the bag-side with 24 mm and increasing to 150 mm at 
both ends of the net. Except for piscivorous fish, the catch 
of each haul was weighed and related to a standard area 
swept of 5.0 ha. Mean areal yield (kg ww h~ l) was calcu- 
lated based on the results of all single seine collections 
conducted during one year. From 1985 through 2000 we 
fished 273 times, removing atotal of approximately 107 
metric tons of cyprinid fish. In addition, from 1988 to 
1998 the following numbers of piscivores were stocked: 
pike-perch 870 ha -1 (8-10 cm), pike 50 hw 1 (25-30 cm), 
perch 45 ha -1 (22-24 cm), and European catfish (Silurus 
gIanis L.) 9 ha -1 (40-45 cm). While 1978-1985 is defined 
as the "pre-biomanipulation period", the remaining years 
are termed the "biomanipulation phase". 
Limnological survey 
Sampling was conducted at the deepest location of the 
northern basin (9.0 m). Sewage from the municipal 
wastewater treatment plant directly entered this part of 
the lake (see Fig. 1). We therefore concluded that in 
comparison with the other basins, changes in water qual- 
ity due to reduced external nutrient loading might be re- 
flected at this location with the shortest possible delay. 
However, comparisons carried out in 1985 did not reveal 
any significant between-basin differences. This was true 
both for chemical and plankton characteristics. Thus, the 
sampling station chosen was considered representative 
for the entire lake. 
Except for 1983 when only monthly samples were 
taken, plankton samples and samples for the analysis of 
chemical characteristics were collected biweekly. We 
present epilimnetic TP concentrations during spring 
turnover to identify trends in lake nutrient status. Epil- 
imnetic SRP results are reported as seasonal mean con- 
centrations during thermal stratification from May to 
September, the period when a trophic cascade with in- 
creased Daphnia grazing was established inFeldberger 
Haussee. Hypolimnetic SRP accumulation rates were 
calculated as the difference between May and Septem- 
ber SRP concentrations at 7.5 m water depth. The con- 
centration difference was multiplied by the lake volume 
below 6.0 m and subsequently divided by the corre- 
sponding sediment surface. Sampling of plankton and 
chemical characteristics followed standard protocols. 
We therefore only briefly describe the methods used. 
For more information see KOSCHEL et. al. (1981, 1990), 
KASPRZAK et al. (1993a) and KR~EN~TZ et al. (1996). 
Zooplankton samples were taken by vertical hauls 
from 6.5 m (mean depth of the lake) to the surface with 
one of two plankton ets. One net had an opening of 
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0.237 m 2, a length of 1.65 m and a mesh size of 110 ~m. 
Using a flow meter for calibration, the efficiency of the 
net was estimated tobe 1 (i.e. filtered volume and calcu- 
lated volume of a given haul were equal). In April 1992, 
we switched to a cone-shaped net with an opening of 
0.27 m 2, a length of 1.2 m and a mesh size of 90 gm hav- 
ing an efficiency of 1.29. Samples following April 1992 
were corrected to reflect differential efficiencies be- 
tween the nets. Zooplankton was preserved in a 4% for- 
malin-sugar solution (HANEY & HALL 1975). Later sub- 
samples containing at least 100 individuals of the domi- 
nant species or group were counted in a compound mi- 
croscope at 60-fold magnification. Mean length was es- 
timated by measuring 10-40 individuals. Biomass of the 
crustaceans was calculated based on mean length using 
published length-weight relationships (BOTTRELL et al. 
1976; KASPRZAK 1983). Conversion of dry weight into 
carbon was done following IBP-recommendations 
(0.5 dw = carbon, WINBERG et al. 1971). 
Pooled phytoplankton samples (surface, 2.5 m, 5.0 m) 
were taken using a Ruttner-bottle (4.0 L). Phytoplankton 
abundance was estimated by species or group specific 
counts of 2-10 mL samples fixed with Lugol's solution 
at 100-fold magnification using an inverted microscope 
(UTERM014L 1958). Biovolume was calculated after 
WmLgN (1976) and converted into wet weight assuming 
a specific gravity of 1.0 g cm -3. Conversion from wet 
weight into carbon was done following IBP-recommen- 
dations (0.1 ww = carbon, WINBER6 et al. 1971). 
Planktonic primary production was estimated apply- 
ing the 14C-technique (VOLLENWHDER 1974) as modified 
by KOSCnEL et al. (1981). A mixed water sample (sur- 
face, 1.0 m, 2.5 m, 5.0 m) was filled into 250 ml glass 
bottles. After the addition of approximately 150 kBq of 
NaH~4CO3 the samples were exposed at various depths 
(surface, 1.0 m, 2.5 m, 5.0 m) for4 hours (10:00 a. m. to 
14:00 p. m.). Following exposition, samples were fixed 
with formaline and further processed within the next 
4 hours. Subsamples of l0 ml were filtered through 
0.6 ~m membrane filters and were then prepared for ra- 
dioactivity measurement. This was either done using an 
end-window counting equipment (until 1990) or by liq- 
uid scintillation counting. We cross-calibrated both 
methods in order to ensure quivalent results. 
Calcite concentration was measured using infrared 
gas analysis (PROFT 1984). Samples were filtered 
through 0.6 pm membrane filters. CaCO3 precipitates on 
filters were dried and kept in a desiccator until further 
processing. 
Nutrients were determined according to standard 
methods (KOSCHEL et al. 1981; Deutsche Einheitsver- 
fahren 1983-95). Samples were either taken separately 
(surface, 2.5 m, 5.0 m) or as pooled samples from the 
same depth and were subsequently analysed. Dissolved 
substances were measured in subsamples filtered 
through 0.6 ~am membrane filters. Soluble reactive phos- 
phorus (SRP) was determined photometrically b  apply- 
ing the molybdenum-blue method. Total phosphorus 
(TP) was estimated after digestion in potassium perox- 
odisulfate. Hypolimnetic SRP accumulation rate was 
calculated based on concentration differences measured 
between samples taken from 7.5 m depth at the begin- 
ning (mid May) and the end (mid September) ofthermal 
stratification. 
Results 
The overall trend of mean annual cyprinid catch was a 
significant decrease throughout the whole biomanipula- 
tion period, even though variability was high (Fig. 2). 
A maximum yield of 150 kg ww ha -I was found in 1985. 
By the year 2000, yields had declined to approximately 
25 kg ww hw 1. However, from 1993-2000 the yields did 
no longer decline. Within these years they ranged around 
60 kg ww ha -1. 
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Fig. 2. Long-term record of mean areal cyprinid yields 
in the Feldberger Hausee as indicated by the results of 
seine fishery conducted from 1985-2000 including 
standard error (SE) estimates. SE was calculated based 
on yields of all single seine collections (5.0 ha per 
haul) conducted during one year. While the same fish- 
ery gear (beach seine) was used throughout he entire 
manipulation period, data before 1992 are based on 
pooled annual yield records provided by the local com- 
mercial fishery divided by the number of collections. 
Therefore, standard errors could not be calculated. 
Empty spots mean no data available. 
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The long-term record of mean seasonal (May to 
September) biomass of planktonic rustaceans in the 
Feldberger Haussee revealed ifferent patterns between 
the groups and species under consideration (Fig. 3). 
Using a lag of one year, a test indicated no significant 
auto-correlation within any of the time series (p < 0.05). 
Seasonal means were therefore considered independent 
and used as replicates. Concerning Daphnia spp., the 
95 %-confidence intervals of the grand means of season- 
al means amounted to 0.037 + 0.018 g C m -3 before 
biomanipulation a d 0.084 + 0.013 g C m -3 after bioma- 
nipulation, respectively, indicating a significant increase 
in biomass. The corresponding confidence intervals of 
the grand means in Eudiaptomus gracilis overlapped 
(before biomanipulation 0.039 + 0.029 g C m 3, after 
biomanipulation 0.089 + 0.030 g C m-3). Thus, differ- 
ences in biomass were not significant. Moreover, the 
long-term record was characterised by extreme scatter 
including the drastic reduction and finally complete dis- 
appearance of the species in 1991-1992 and an extraor- 
dinary high biomass in 1995. Likewise, the biomass of 
cyclopoid copepods during the pre- and post-biomanip- 
ulation period was not significantly different (before 
biomanipulation 0.052 + 0.031 g C m -3, after biomanip- 
ulation 0.073 + 0.019 g C m-3). 
From 1985 until 1989, the mean seasonal biomass of 
total phytoplankton steadily declined, from 1.5 g C m -3 
to 0.8 g C m -3 (Fig. 4). However, from 1990 to 1995 as a 
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Fig. 3. Long-term record of mean seasonal (May-September) bio- 
mass (0-6.5 m) of major groups of crustacean plankton in Feldberger 
Haussee before (hatched) and after (solid) biomanipulation including 
standard error (SE) estimates. SE was calculated based on the results 
of biweekly samplings. Open spots mean no data available. 
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Fig. 4. Long-term record of mean seasonal (May-September) bio- 
mass (mixed samples from, 0.2 m, 2.5 m, 5.0 m) of total phytoplank- 
ton, edible phytoplankton (greatest axial linear dimension <35 pro) 
and filamentous cyanobacteria in Feldberger Haussee before 
(hatched) and after (solid) biomanipulation including standard error 
(SE) estimates. SE was calculated based on the results of biweekly 
sampling. Open spots mean no data available. 
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Fig. 5. Paired observations (May-September, 
1985-1999) of Daphnia sp. and edible phyto- 
plankton biomass, respectively. 
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Fig. 6. Long-term record of mean 
seasonal (May-September) planktonic 
primary production in Feldberger 
Haussee before (hatched) and after 
(solid) biomanipulation including 
standard error (SE) estimates. SE was 
calculated based on the results of bi- 
weekly measurements. Results are 
depth-integrated means from surface 
to 5.0 m. Open spots mean no data 
available. 
result of severe blooms of filamentous cyanobacteria, 
total phytoplankton biomass increased again, reaching a
maximum of 2.8 g C m -3 in 1992. Within that period, 
cyanobacteria frequently contributed more than 90% of 
total phytoplankton. Planktothrix subtilis, P. rubescens, 
Limnothrix redekei and Planktolyngbya limnetica were 
the major bloom-forming species. After 1995 total phy- 
toplankton biomasses declined ramatically, fluctuating 
around 0.3 g C m -3, and cyanobacterial blooms were no 
longer detected. 
The edible phytoplankton exhibited a similar decline 
of seasonal biomass in recent years, a result partly at- 
tributable to Daphnia grazing (Fig. 5). Paired observa- 
tions between Daphnia spp. biomass and edible phyto- 
plankton from 1985-1999 indicated that algal stocks in- 
creased up to 2.5 g C m 3 as long as Daphnia biomass 
was below 0.2 g C m -3. Above this threshold edible phy- 
toplankton biomass never exceeded 1.0 g C m -3. 
Although we have no data for most of the pre-bioma- 
nipulation period, mean seasonal (May-September) 
planktonic primary production in 1987, the third year of 
biomanipulation, was similar to that of 1978, i.e. before 
biomanipulation (Fig. 6). From 1987-1992 when cyano- 
bacteria were dense, production increased ramatically 
to over 3.0 g C m -2 d -1, then dropped below 1.0 g 
C m -2 d 1, where it seemed to stabilise through 2000. 
Phosphorus concentration data all exhibited ramatic 
declines in the nutrient status of Feldberger Haussee 
from 1978 to 2000. Spring TP maximum decreased from 
1.4 g P m -3 in 1978 to 0.14 g P m -3 in the year 2000 
(Fig. 7). It was, however, a two-step decline. Although 
sewage input to the lake stopped in 1980, data indicated 
no significant reduction in TP until 1986. Later, from 
1986-1988, the TP concentration declined significantly 
and rapidly to a level of approximately 0.4 g P m -3. From 
1991-1995 another step-like TP decrease was observed. 
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from the same depth. Open spots mean no data available. 
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Since then spring TP maximum has ranged around 
0.15 g P m 4. The long-term record of mean seasonal 
SRP concentrations indicated an even more dramatic 
decline during the period from 1978 (1.8 g P m -3) to 
1993 (< 0.01 g P m 3) when it reached its lowest level. 
SRP concentrations have since ranged between 0.01 and 
0.03 g m 3. 
Overall, the hypolimnetic SRP accumulation rates ex- 
hibited a decline throughout the observation period (Fig. 
8). The highest release rate was found in 1980 (38 mg P 
m -2 dl). Rates declined ramatically afterwards. During 
1996-2000 hypolimetic SRP accumulation rates were 
6-10 mg P rn 2 d 1. 
In 1985, calcite crystals were found for the first time 
in the pelagic zone of Feldberger Haussee during routine 
checks of phytoplankton samples, the calcite concentra- 
tion being, however, low (Fig. 9). Later, from 1989-1997 
the long-term dynamics howed asignificantly increas- 
ing trend although the data were highly variable. The 
maximum concentration f 1.1 g CaCO3 m -3 was found 
in 1993. Since 1997, calcite concentrations have been 
much lower. There was a close association between cal- 
cite and TP (Fig. 9). At calcite concentrations up to 0.4 g 
CaCO3 m 3, TP concentrations significantly declined. 
Above that calcite level, TP remained at approximately 
0.1 gPm -3. 
Mean seasonal Secchi depth readings were low be- 
fore biomanipulation (1.1-1.4 m) and remained low dur- 
ing the first years (1987-1993) reaching aminimum of 
0.7 m in 1992 (Fig. 10). However, since 1992 Secchi 
transparency has continuously increased to a maximum 
mean seasonal value of 2.5 m in 2000. 
Discussion 
The highly eutrophic Feldberger Haussee was treated by 
a combination ofexternal nutrient loading reduction and 
long-term biomanipulation. After a delay of several 
years, water quality began to improve, as indicated by a 
number of characteristics such as planktonic primary 
production, phytoplankton biomass, phytoplankton 
community structure, phosphorus concentrations and 
water clarity. Even macrophytes re-colonised the lake 
where they had been almost completely absent before 
(PALM, Inst. Freshwater Ecol., pers. commun.) Never- 
theless, because of the combined efforts to improve 
water quality the question remains: Was the improve- 
ment caused by either consumer-related (top-down, 
biomanipulation) or by resource-related (bottom-up, de- 
creased nutrient concentrations) changes in the pelagic 
food web, or did both act together? 
One of the major prerequisites for successful bioman- 
pulation of pelagic communities in lakes is a drastic 
reduction of planktivorous fish in order to promote 
consumer-related forces cascading down the food chain 
(BENNDORF et al. 1984; CARPENTER et al. 1985; 
MCQUEEN et al. 1986). Although published ata con- 
cerning critical planktivore standing stocks span wide 
(20-1,000 kg ww ha-l; BENNDORF 1990), it has since be- 
come clear that in eutrophic lakes planktivorous fish 
biomass must not be higher than 0.5-1.0 g ww m 3 of 
lake volume; otherwise fish predation will not allow 
Daphnia populations to increase (e.g., DRENNER & 
SMITH 1991; JOHNSON 8~; KITCHELL 1996; SEDA ¢f¢ 
KUBECKA 1997). Because oxygen depletion during sum- 
mer stratification i  the deeper layers (> 6.5 m) of Feld- 
berger Haussee makes these temporarily uninhabitable 
to fish, this threshold biomass would correspond to an 
areal standing stock of 32-65 kg ha -1 of planktivores. 
Seine fishery results indicated a reduction of cyprinid 
(roach, bream) yields from 150 kg ww ha -1 in 1985 to 
25 kg ww ha -~ in 2000 (MEHNER et al. 2001). Catch 
yields, however, are only an indicator of true fish 
biomass, which according to the fishery gear used is 
usually much higher (HILBORN 8~; WALTERS 1992). Inves- 
tigations of the mean annual size distribution of fish 
from seine catches howed that the smallest size of fish 
caught quantitatively b this technique had a total ength 
of 15-16 cm. Because size-frequency distribution i fish 
populations i  usually log-normal (PAULY 1980), at least 
by number the majority of fish may have escaped the 
net. 
Direct estimations oftotal fish biomass of Feldberger 
Haussee are rare. However, during a major hydro-acous- 
tic survey (SIMRAD EY 500, split beam, 120 kHz) in 
August 1996 total areal fish biomass was estimated to 
290 kg ww ha -~ (KuBE~KA, Czech Acad. Sci., pers. com- 
mun.). The predator ratio within total fish biomass of the 
seine catches during 1996 was approximately 20% 
(WYSUJACK 8z; MEHNER 2002), indicating that standing 
stocks of planktivorous and benthivorous cyprinids may 
have amounted toat least 230 kg ww h~ 1. 
Based on mean annual size-frequency distribution of 
roach in the seine catches during 1992-1996 and by ap- 
plying an approach developed by JAERVALT ~¢ TUVIKENE 
(1993), we estimated the efficiency of our seine net at re- 
moving fish biomass to approximately 20%. An inde- 
pendent test in August 1996 confirmed that result. Using 
the same sonar technique as mentioned above, the stand- 
ing stock of total fish biomass enclosed by the seine was 
compared to the yield of the catch. Again the efficiency 
was approximately 20% (KUBECKA, pers. commun.). 
Using these results as well as information on the spatial 
distribution and feeding habits of different age groups of 
roach and bream (LAUDE et al. 2000), the standing stock 
of planktivorous fish in the Feldberger Haussee during 
1993- 2000 is assumed to range between 2-4 g ww m -3 
(130-260 kg ww ha-l). Compared to maximum standing 
stocks of 8 g ww m -3 (520 kg ww ha -s) in 1985, this cor- 
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responds to a 50-75% reduction. Planktivore biomass of 
2-4 g ww m -3 is close to the estimates of critical fish 
biomass found in other investigations (HESSEN & 
NmSSEN 1986; MCQUEEN & POST 1989; JEPPESEN et al. 
1990; JAMET 1994), but apparently still too high to 
allow Daphnia to clearly increase in biomass (see 
below). 
Many investigations indicated that Daphnia is the 
most powerful grazer within the group of filter-feeding 
zooplankton in lakes (e.g., KNISLEY & GELLER 1986; 
KASPRZAK et al. 1999). Daphnia have high growth po- 
tentials leading to rapid increases in biomass, a wide 
food niche enabling them to ingest a rather broad spec- 
trum of particles and high individual filtration rates that 
can lead to high community filtration rates (e.g., HORN 
1981). Promoting high biomass of large-sized Daphnia 
is therefore a highly desirable result of biomanipulation 
measures (SHAPIRO et al. 1975). In their model study on 
the perspectives of biomanipulation in Feldberger 
Haussee, KASPRZAK et al. (1988) predicted that as a con- 
sequence of declined planktivory biomass of Daphnia 
would roughly double. As a result of piscivore stocking 
and planktivore removal, this goal was achieved al- 
though variability was high. Nevertheless, the result is 
difficult o interpret. 
First of all, as can be shown by correlation analysis, 
the mean seasonal biomass ofDaphnia spp. was not sig- 
nificantly related to cyprinid yields. Furthermore, in 
contrast to the results of other investigations (e.g., K614- 
LER et al. 1989; MOSS et al. 1991) mean body size of 
Daphnia spp. in the Feldberger Haussee did not increase 
significantly. Throughout the whole investigation period 
the genus was dominated by small Daphnia cucullata. 
This species rarely becomes larger than 1 ram, indicat- 
ing that planktivory might still be substantial. Some au- 
thors found Daphnia biomass and body size to be a sig- 
moidal function of planktivory or planktivore biomass 
(RUDSTAM et al. 1993; JOHNSON & KITCI~ELL 1996; SEDA 
& KUBECKA 1997). As outlined above, standing stocks 
of planktivorous fish in Feldberger Haussee may never 
have fallen below this critical evel of 0.5-1.0 g ww m -3 
(32.5- 65.0 kg ha-l). Although piscivory was high and 
manual removal of planktivorous fish was intense dur- 
ing 1992-2000, both processes at best compensated for 
the annual production of cyprinid fish (WYSUJAK & 
MEHNER 2002). 
In some biomanipulation studies, as a result of 
changes in consumer biomass and community structure, 
a reduction in planktonic primary production was detect- 
ed (e.g., STENSON et al. 1978; HRBA~EK et al. 1986; 
FAAFENG et al. 1990). However, because of only minor 
alterations in the zooplankton of the Feldberger 
Haussee, neither Daphnia spp. nor total herbivorous 
planktonic rustaceans exerted a significant impact on 
primary production. We do not interpret this to mean that 
consumers did not influence primary producers. Apply- 
ing a model developed by KASPRZAK & RONNEBERGER 
(1985), we calculated the utilisation of planktonic pri- 
mary production by herbivorous crustacean plankton to 
have increased from 8% in 1985 to 48% in 1997. Never- 
theless, this exploitation rate was apparently still too 
small to be reflected in a significant negative relation- 
ship between primary production and herbivorous con- 
sumers. LAMPERT (1988) concluded that the carbon- 
based ratio of herbivore biomass and daily planktonic 
primary production must be at least 11 if phytoplankton 
growth is to be compensated bygrazing. Based on sea- 
sonal means this ratio never exceeded 1 in Feldberger 
Haussee. 
Regarding edible phytoplankton (greatest axial linear 
dimension <35 gm), mean seasonal biomass did not 
show any significant correlation with either Daphnia 
spp. or total herbivorous crustacean plankton (r -- 0.236). 
However, examination of all paired observations of 
Daphnia spp. vs. edible phytoplankton throughout the 
whole investigation period showed that algal biomass 
increased up to 2.5 g C m -3 as long as Daphnia biomass 
was below 0.2 g C m -3. Above this threshold edible phy- 
toplankton biomass never exceeded 1.0 g C m 4. Such a 
non-linear elationship between both parameters has 
also been noted in other studies (MCCAULEY & KALFF 
1981; LAMPERT 1988). Concerning the long-term record 
of filamentous cyanobacteria, high biomass might have 
been promoted by selective Daphnia grazing (KASPRZAK 
et al. 1993a). Their decline was, however, caused by 
physical (long-lasting ice cover) and chemical (chang- 
ing N/P ratios) characteristics of the Feldberger Haussee 
(K~IENITZ et al. 1996). 
A major indicator for successful biomanipulation is 
the significant improvement of water clarity (FOTT et al. 
1980; ANDERSSON & CRONBERG 1984; FAAFEN6 & 
BRABRAND 1990). In Feldberger Haussee mean seasonal 
water clarity did not increase substantially until 1993. 
This was primarily a result of both high filamentous 
cyanobacterial biomass (KRIENITZ et al. 1996) but also 
of rising pelagic calcite precipitation (KoSCnEL et al. 
1990). In the long-term run Daphnia biomass and Secchi 
transparency (seasonal means) were not significantly 
correlated. Nevertheless, as has been found in many 
other lakes (e.g., LAMPERT & SCHOBER 1978; LATHI~OP 
et al. 1996), clear water periods (Secchi transparency 
2.0-4.5 m) occurred in Feldberger Haussee during May 
and June in most years as a result of high Daphnia 
biomass after the beginning of biomanipulation. Howev- 
er, in some cases those clear water stages were also re- 
ported before biomanipulation. 
As outlined above, biomanipulation i  the Feldberger 
Haussee was preceded in 1980 by a large (90%) reduc- 
tion of external nutrient loading (KosCUEL et al. 1985). 
Thus, resource-related (bottom-up) changes most likely 
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contributed considerably tothe observed improvement 
in water quality. However, maximum spring total phos- 
phorus concentrations did not decline substantially until 
1986. Within the next 3 years total phosphorus concen- 
trations decreased from approximately 1.2 g P m -3 to 
0.4 g P m -3. This decline may have been related to in- 
creasing calcite precipitation. 
Co-precipitation and sedimentation f phosphorus 
along with precipitating calcite crystals are common 
phenomena in the pelagic zone of hard-water lakes 
(> 1.4 mg CaCO3 L-~; KOSCHEL & SCHEFFLER 1985) dur- 
ing late spring and summer. This natural nutrient-strip- 
ping mechanism was found to be an effective protecting 
agent against eutrophication in hard-water lakes and is 
most effective under mesotrophic toslightly eutrophic 
conditions (KOSCHEL et al. 1990). Periods of intense cal- 
cite precipitation might be followed or even accompa- 
nied by high nutrient sedimentation rates. This was not 
explicitly measured inthe Feldberger Haussee, but it is a 
well known phenomenon i  neighbouring hard-water 
lakes (KOSCHEL et al. 1990). 
Calcite precipitation i hard-water lakes requires a
number of prerequisites, primarily a positive CO2-net 
assimilation of the pelagic ommunity, which in turn is 
largely influenced by the food web structure. Other 
factors are the CaCO3-saturation i dex and SRP concen- 
tration (summarised in KOSCHEL et al. 1997). In Feld- 
berger Haussee, however, we did not find any indication 
of pelagic alcite precipitation until 1985. Later, calcite 
concentration clearly increased. High concentrations 
were for the first time found in 1990, when mean 
seasonal primary production was still very high (2.5 g 
C m 3 d-~), while mean summer SRP had dropped to 
0.1 g P m -3. KLE~NER (1988) found that SRP concentra- 
tions higher than approximately 0.1 g P m -3 would inhib- 
it calcite crystal growth. Therefore, high phytoplankton- 
ic photosynthesis in concert with sufficiently low SRP 
concentration might have been the reasons for the in- 
creasing calcite precipitation resulting in high nutrient 
co-precipitation (KosCHEL et al. 1990). 
From other investigations it is known that Daphnia- 
dominated plankton communities have higher nutrient 
sedimentation rates compared to communities charac- 
terised by small zooplankton (MAZUMDER et al. 1990; 
KooP et al. 1997; HoUSER et al. 2000). VANDERPLOEO 
et al. (1987) found that calcite crystals ingested by her- 
bivores increase the specific gravity of faecal particles, 
thereby increasing the nutrient sedimentation rate. The 
importance of this relationship between the structure of 
the pelagic food chain and calcite precipitation i hard- 
water lakes was further hypothesised byKASPRZAK et al. 
(1993b). We believe that it was a key mechanism behind 
the improved water quality of Feldberger Haussee. 
As indicated by the long-term decline in hypolimnetic 
SRP concentrations, the internal nutrient loading rates of 
Feldberger Haussee decreased considerably, although 
there is still a large amount of phosphorus available in 
the sediment. Phosphorus release from the sediments i
primarily related to bioturbation, bacterial activity, oxy- 
gen concentration and different binding forms (e.g., 
WELCH & PERKINS 1979). In Feldberger Haussee, 32% 
of sediment total phosphorus i associated with calcite 
(GoNsIORCZYK et al. 1998), a fraction that is insensitive 
to redox-conditions and which is therefore not re-mo- 
bilised even if oxygen in the hypolimnion is completely 
exhausted (SAs et al. 1985). If there was a functional re- 
lationship between food web structure and calcite pre- 
cipitation as well as P-binding capacity of sediments 
(KASPRZAK et al. 1993b), then biomanipulation in the 
Haussee may have had an indirect bottom-up influence 
via nutrient sedimentation the improved trophic sta- 
tus of the lake. 
Fish may either by excretion or by sediment bioturba- 
tion also contribute o P-supply of a given lake ecosystem 
(e.g., BRABRAND et al. 1990). Thus the declining cyprinid 
standing stocks in the Feldberger Haussee must have led 
to decreased P-recycling rates as well. Unfortunately, no
data based on experiments or models are available to 
quantify the contribution of this factor to the P-budget of 
the lake. Nevertheless, MEHNER et al. (2001) found a pos- 
itive correlation between annual yields of seine fishery 
and epilimnetic concentrations ofTR SRP and NH4. 
As was shown by other investigations (e.g., KOSCHEL 
& SCHEFFLER 1985; STOCKNER & SHORTREED 1985), 
within certain intervals mean seasonal planktonic prima- 
ry production of lakes is a linear function of mean sea- 
sonal TP concentration. This was also true for Feldberg- 
er Haussee (0.06-0.2 g TP m -3, r 2 = 0.86). Likewise, 
mean seasonal biomasses of both inedible and edible 
phytoplankton were also related to TP supply within the 
aforementioned TP concentration range. However, r2 
values were only 0.526 and 0.392, respectively, indicat- 
ing that also other factors were important (cf. WATSON & 
MCCAULEY 1988). Similar coefficients of determination 
were also found for the two phytoplankton fractions and 
hypolimnetic SRP-accumulation, respectively (r2 = 0.584, 
0.368). Because of the low external nutrient loading 
(0.18 g P m -2 a -1) phosphorus released from the sediment 
(0.57 g P m -2 a -1) of the Feldberger Haussee may be the 
ultimate factor governing the primary productivity ofthe 
lake (cf. BRYHNSKY & MANN 1973). Therefore, critical 
nutrient criteria (external loading <0.6 g P m -2 a 1, 
BENNDO~ 1990; TP concentration <0.2 g P m 3, JEPPE- 
SEN et al. 1990) indicated that the Feldberger Haussee 
was not in a status favouring long-term success of 
biomanipulation before 1992. 
In sum, the water quality of the Feldberger Haussee 
finally improved as indicated by a number of criteria. 
Nevertheless, based on existing data this improvement is 
only to a limited extend related to top-down changes in 
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the structure and function of the pelagic community, 
which was undoubtedly a consequence of an insufficient 
reduction of planktivorous fish stocks. The declining in- 
lake concentration of phosphorus as a result of reduced 
external and internal nutrient loading in concert with in- 
creased calcite precipitation was most likely the ultimate 
reason for the improved water quality. 
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